A detector-based spectral irradiance scale has been realized at the National Institute of Standards and Technology ͑NIST͒. Unlike the previous NIST spectral irradiance scales, the new scale is generated with filter radiometers calibrated for absolute spectral power responsivity traceable to the NIST highaccuracy cryogenic radiometer instead of with the gold freezing-point blackbody. The calibrated filter radiometers are then used to establish the radiance temperature of a high-temperature blackbody ͑HTBB͒ operating near 3000 K. The spectral irradiance of the HTBB is then determined with knowledge of the geometric factors and is used to assign the spectral irradiances of a group of 1000-W free-electron laser lamps. The detector-based spectral irradiance scale results in the reduction of the uncertainties from the previous source-based spectral irradiance scale by at least a factor of 2 in the ultraviolet and visible wavelength regions. The new detector-based spectral irradiance scale also leads to a reduction in the uncertainties in the shortwave infrared wavelength region by at least a factor of 2-10, depending on the wavelength. Following the establishment of the spectral irradiance scale in the early 1960s, the detector-based spectral irradiance scale represents a fundamental change in the way that the NIST spectral irradiance scale is realized.
Introduction
The development and use of cryogenic radiometers have led the trend toward decreasing uncertainties in the radiometric and the photometric scales because of improvements in the absolute power measurements. 1,2 Furthermore, detector-based scales often can be maintained with shorter measurement chains and lower uncertainties than source-based scales. For example, the photometric scale at the National Institute of Standards and Technology ͑NIST͒ has been detector based and traceable to the NIST highaccuracy cryogenic radiometer ͑HACR͒ since 1993, 3 and the implementation of the detector-based photometric scale resulted in a factor of 2 reduction in the expanded uncertainties compared with the previous source-based photometric scale. 4 Because the radiometric quantities of spectral radiance and spectral irradiance require measurements at many different wavelengths compared with the single measurement in the assignment of a photometric quantity, the establishment of a detector-based spectroradiometric scale has proven more time-consuming.
The spectral radiance and the radiance temperature scale at NIST have all been based on the absolute radiometric determination of the freezing temperature of gold, 5 and the spectral irradiance scale is in turn realized from the spectral radiance scale. 6 As shown in Fig. 1͑a͒ , during the process of scale realization, the radiance temperature at 655 nm is assigned to a vacuum tungsten-filament lamp ͑gold-point lamp͒ operated to match the radiance temperature of the gold freezing-temperature blackbody. The radiance temperature of a tungsten lamp operated at a higher temperature ͑1530 K͒ is in turn determined with the gold-point lamp, and the radiance temperature of a variable-temperature blackbody ͑VTBB͒ is assigned. The VTBB has a small 2-mm-diameter opening, and the estimated emissivity of the VTBB is 0.9990 Ϯ 0.0005 based on the geometry and temperature uniformity. 7 The spectral radiance of tungsten-filament lamps and integrating sphere sources is assigned by use of the VTBB; and typically, the temperature of the VTBB is changed to match the spectral radiance of the sources to minimize the effects that are due to the nonlinear responsivities of the detectors. For spectral irradiance realizations, the spectral radiance of an integrating-sphere source ͑ISS͒ is assigned, and the ISS is fitted with a precision aperture for use as a source of known spectral irradiance to calibrate a set of 1000-W free-electron laser (FEL) lamps.
The source-based spectral irradiance scale realization procedure is long and involves many separate steps to assign the spectral irradiance of a set of lamps. The primary reason for the long calibration chain is the low spectral radiance output of the gold freezing temperature blackbody at 1337.33 K. 8 Because the 1000-W FEL lamps have spectral shapes similar to that of a 3000 K blackbody, the radiant output of the intermediate transfer artifacts must be progressively increased to eventually match the spectral irradiance output of the 1000-W FEL lamp. Furthermore, a major contribution to the final uncertainties in the spectral irradiance scale is due to the temporal drift of the ISS and the low signal of the ISS, especially in the shortwave infrared region. The temporal drift of the ISS also depended on the wavelength region, resulting in greater temporal changes in the ultraviolet wavelength region. The spectral irradiance scale was difficult to realize at many different wavelengths because of a possible temporal drift resulting from the additional time needed for realizations.
In the past decade, new developments in the construction of high-temperature blackbodies ͑HTBBs͒ made from pyrolytic graphite have allowed prolonged ͑Ͼ100 h͒ operations at or above 3000 K. 9 Furthermore, at NIST the uncertainties in the detector power responsivity scale were reduced with the advent of the HACR as the primary standard for spectral power responsivity calibrations. The advantages of the new detector-based scale realization are evident in Fig. 1͑b͒ , with a much shorter chain from the cryogenic radiometer to the primary working standards compared with the measurement chain shown in Fig.  1͑a͒ . In the realization of the detector-based scale, the filter radiometers ͑FRs͒ are used to determine the temperature of the HTBB, and then the spectral irradiance output of the HTBB is used to directly calibrate the primary working standard lamps.
In this paper we describe the realization of the NIST detector-based spectral irradiance scale. The FRs used to determine the radiance temperature of the HTBB are characterized, and the agreement between the absolute detector-based radiance temperatures are compared with those found by use of the International Temperature Scale of 1990 ͑ITS-90͒. 10 The agreement between the detectorbased and the gold freezing-temperature-based spectral radiances is also shown to verify that the HTBB spectral radiance does not deviate significantly from a single-temperature Planck radiance distribution. From the assignment of the radiance temperature with the FRs, the spectral irradiance of a set of FEL lamps is determined. The detectorbased and the gold freezing blackbody-based spectral irradiances are compared, and the uncertainties of the detector-based spectral irradiance scale are discussed.
Experimental Approach

A. Radiance Temperature Determinations with Filter Radiometers
A schematic of the measurements is shown in Fig. 2 . Both the spectroradiometer and the FRs reside on a common moving optical table. The FRs are first used to determine the radiance temperature of the HTBB; and thus with knowledge of the radiance temperature, the spectral irradiance responsivity of the spectroradiometer is assigned by use of a precision aperture on the integrating-sphere receiver ͑ISR͒ with the knowledge of the distance between the ISR and the precision aperture in front of the blackbody. The spectral irradiance of the 1000-W quartz tungsten-halogen lamp ͑type FEL͒ is then assigned by use of the spectral irradiance responsivity of the spectroradiometer.
The FRs are constructed with broadband filters and silicon detectors that are both temperature stabilized as shown in Fig. 3 . A precision aperture is placed in front of the filter-detector package, and the aperture area is measured separately in the NIST High-Accuracy Aperture Measurement Facility to a relative combined expanded ͑k ϭ 2͒ uncertainty of 0.01%. 11 The precision apertures attached to the FRs range from 4.0 to 4.4 mm in diameter. The detectors are calibrated for absolute spectral power responsivity on the NIST Spectral Comparator Fa- cility ͑SCF͒, 12 and the power responsivity is converted to spectral irradiance responsivity from knowledge of the aperture area. A total of three detectors are used, and the absolute spectral power responsivities are shown in Fig. 4 . Both filter radiometers FR2 and FR4 have photopic response filters resulting in a broad spectral responsivity. The FR3 has greater spectral responsivity to shorter wavelengths then the other two radiometers, with a drop in responsivity near 400 nm. The broadband radiometers were chosen for increased long-term stability, as compared with narrowband interference filters. 13 The radiance temperature of the HTBB is found with a measurement equation, which describes the optical flux transfer with circular and coaxial source and receiver apertures. 14 For a FR, the signal s is given by
where ⑀ is the emissivity and R is the absolute spectral power responsivity. The geometric factors D and ␦ are given by
where r BB and r are the radius of the blackbody aperture and the FR apertures, respectively, and d is the distance between the FR aperture and the blackbody aperture. G is the preamplifier gain and L is the spectral radiance found by use of the Planck radiation law. The radiance temperatures are found when we iteratively change the blackbody temperature in Eq. ͑1͒ until an exact match of the calculated signal to the measured signal is found.
The uncertainties of the radiance temperatures found with the FRs are primarily determined by the uncertainties in the spectral power responsivity. Figure 5͑a͒ plots the expanded uncertainties of the SCF in the spectral power responsivity measurements. The lowest uncertainties are maintained in the visible wavelength region from 400 to 900 nm where the spectral power responsivity of the Si-trap transfer detector can be smoothly interpolated between the discrete laser calibration wavelengths of the HACR. The uncertainties of the spectral power responsivity can be converted directly to uncertainties in temperature by use of the derivative of the Wien approximation with respect to temperature:
is the relationship between the uncertainty in radiance L and the uncertainty in blackbody temperature T; c 2 is the second Planck's constant, 1.4387752 cm͞K; and is the wavelength. The Wien approximation is used to simplify the handling of equations. Under these experimental conditions, no appreciable differences exist between Eq. ͑2͒ and the similar differential equation found when we use Planck's radiance law in the wavelength between 250 and 2400 nm. Because of the changes in the shape of the blackbody radiance with temperature as described in the Planck radiance law, the temperature uncertainties are both dependent on temperature as well as wavelength. The corresponding uncertainties in radiance temperatures are plotted in Fig. 5͑b͒ for a blackbody temperature of 3000 K, where the lowest temperature uncertainties exist in the spectral region between 400 to 900 nm.
B. Description of the Facility for Automated Spectroradiometric Calibrations
All the experimental research described in this paper was performed in the Facility for Automated Spectroradiometric Calibrations ͑FASCAL͒, with the exception of the spectral power responsivity measurements of the FRs. 6 Briefly, the detector system consists of a prism-grating double monochromator with custom-modified entrance and exit optics. A simplified schematic of FASCAL is shown in Fig. 2 . The light is collected with an off-axis spherical mirror with either an integrating receiver for spectral irradiance or a flat plane mirror for spectral radiance. The measurements from 250 to 900 nm were performed with a photomultiplier tube in dc measurement mode. We performed the measurements from 800 to 2400 nm using an InGaAs detector in photovoltaic mode using a mechanical light chopper at 290 Hz with phase-sensitive detection. A significant improvement to the FASCAL detection system is due to the replacement of the PbS detector ͓D* ϭ 4 ϫ 10
͒͞W͔ with the extended InGaAs detector ͓D* ϭ 2 ϫ 10 12 ͑cm͞Hz
1͞2
͒͞W͔, resulting in a standard deviation of signals Ͻ0.05% when a 1000-W FEL lamp is measured from 800 to 2300 nm. The spectrometer and the detector enclosure are also continuously purged with air filtered to remove CO 2 and H 2 O, thus improving the long-term stability of the detector system.
C. Description of the High-Temperature Blackbody
One of the technological advances that makes possible the realization of the detector-based spectral irradiance scale is the development of pyrolytic graphite blackbodies, enabling extended operations near 3000 K without rapid degradation of the cavity. The HTBB used in this study consists of pyrolytic graphite rings with an inner diameter of 24 mm stacked to form a cavity with a depth of 14.5 cm. The cavity bottom consists of an inverted cone with an apex angle of approximately 150°, and the radiance at the backside of the cavity bottom is imaged through an opening at the rear of the cavity by use of a fused-silica lens onto a temperature-stabilized photometer for operation in closed-loop configuration. The lens also serves to seal the rear of the blackbody cavity to atmosphere. The current of the HTBB power supply is adjusted with a control loop to maintain a constant output from the photometer. Although the spectral irradiance in the ultraviolet wavelength region could be increased with higher temperatures, the HTBB was operated near 2950 K to avoid possible changes in the spectral emissivity of the blackbody that are due to the sublimation of the graphite. 15 Because the graphite rings expand approximately 10% from room temperature to near 3000 K, the current was increased at 0.1 A͞s to nearly 510 A at 2950 K to allow gradual expansion of the cavity. The HTBB was also turned off in a similar manner to avoid thermophysical shocks. Figure 6 is a plot of the radiance temperatures measured during a single day of measurements from 9:30 to 14:00 with FR2, FR3, and FR4. The feedback detector is a temperature-stabilized Si photodiode with a photopic response filter. The optical feedback is found to stabilize the HTBB to Ϯ0.0004 V at a full signal of 4.4 V. Figure 6 shows that the HTBB temperature was stable to Ͻ0.5 K over the duration of the 5-h measurement. The expanded uncertainties of the temperatures are shown for the FR2 temperatures that overlap the temperatures measured with FR3 and FR4. The three FRs agree in radiance temperature determinations to Ͻ0.5 K, in agreement with the combined expanded uncertainty in temperature of 0.86 K at 2950 K.
Each of the FR measurements is an independent determination of temperature when a primary thermometer is used. A primary thermometer is distinguished from a secondary thermometer in that the temperature is obtained by use of a primary thermometer without use of any adjustable parameters. 16 Fig . 5 . ͑a͒ Expanded uncertainties of the NIST SCF for spectral power responsivity showing the low expanded uncertainties ͑0.22%͒ between 400 and 900 nm. ͑b͒ The uncertainties in the spectral power responsivity converted to temperature uncertainties by use of the derivative of the Wien approximation at 3000 K.
The temperature of the HTBB increased at most by 1 K over 20 h of continuous operation with constant optical feedback control by use of the optical output from the rear of the cavity. The slight increase in temperature over time is possibly attributable to the opening at the rear of the cavity that gets smaller from carbon deposits at the edges of the opening. The HTBB was operated with an open cavity with continuous 0.5-1͞min purge of argon from the rear of the housing and the argon exiting through the front opening of the cavity.
D. Verification of the High-Temperature Blackbody as a Planckian Radiator
To determine the spectral emissivity of the HTBB, the spectral radiance of the HTBB was measured from 250 to 2400 nm at discrete wavelengths by comparison with a VTBB with a high emissivity. Any temperature nonuniformity of the cavity would lead to deviations of the HTBB spectral radiance from a single-temperature Planck radiance. For these comparisons, the temperature of the VTBB was set at 2687 K, and the temperature of the HTBB was set at 2950 K. Although the temperatures are different, the radiance ratios did not differ even at 250 nm, where the differences are greatest, by more than a factor of 7. Furthermore, prior to these measurements, the linearity of the spectroradiometer was measured at various wavelengths with the portable Beamconjoiner 17 and was found to be linear under these experimental conditions. The spectral radiance determinations were performed before and after spectral irradiance transfer to a set of 1000-W FEL lamps. The checks of the HTBB as a Planckian radiator were performed to verify that the HTBB did not change in the spectral distribution because the FRs are used to measure over a relatively broad spectral region.
The spectral radiance measurements of the HTBB were performed with the aperture in front of the spherical input mirror with the spectroradiometer reduced to 4 cm in diameter, resulting in F͞25 focused at the opening of the HTBB at the plane of the water-cooled aperture. The reduction in the opening of the spherical input mirror resulted in a circular target of 12 mm in diameter at the bottom of the HTBB cavity. To keep the same target area constant for the measurements, in both the spectral irradiance and the spectral radiance modes, the HTBB was mounted on a motorized translation stage for control of the distance between the HTBB and the measuring instruments. If possible, the same area at the rear of the HTBB should be viewed for all measurements to avoid errors from the possible spatial nonuniformity of the HTBB.
We determined the temperature of the VTBB using spectral radiance ratios at 655 nm to a vacuum tungsten-filament lamp maintained at the freezing temperature of gold as prescribed in the ITS-90. The spectral radiance of the HTBB was determined at discrete wavelengths by comparison with the VTBB and also determined from the radiance temperature found with the FRs. The radiance temperatures of the HTBB found with the FRs were in agreement with those found with the ITS-90 ratios to within 0.5 K in all cases in which such comparisons were performed. We compared the respective blackbodies using spectral radiance ratios:
The L and the S denote the spectral radiance and the measured spectral radiance response of the HTBB and the VTBB, and f is the possible linearity correction to the response ratios. The spectral radiances of the HTBB were found to conform to a singletemperature Planck radiance law to within the combined uncertainties of the measurements as shown in Fig. 7 . Figure 7 shows the percent differences from a single-temperature Planck radiance law with the temperature of the HTBB determined with the FRs and the spectral radiances determined with the VTBB. The errors bars on the individual comparisons correspond to the expanded uncertainty of 0.86 K at 2943.4 K converted to a spectral radiance uncertainty by use of the derivative of the Wien approximation from Eq. ͑2͒. As expected for comparison of two blackbodies, the differences in the spectral radiance become smaller with increasing wavelength, but there are no discernible increasing spectral differences toward the shorter wavelengths, as would be expected if either of the temperature assignments of the respective blackbodies were in error.
The differences between the detector-based radiance temperatures and the source-based determinations also agree with the previous measurements, which also showed differences of Ͻ0.5% from 250 to 1000 nm. 18 
E. Spectral Irradiance Transfer to 1000-W FEL Lamps
The spectral irradiance assignment of twelve 1000-W FEL working standard lamps occurred over a two- week period from 28 September to 12 October 2000.
The spectral irradiances of a group of three lamps were assigned at one time, and the measurements were separated into the ultraviolet and the visible wavelength region ͑250 -900 nm͒, and the shortwave infrared region ͑800 -2400 nm͒. Because there are four separate FEL lamp measurement stations, each of the measurements of individual lamps was performed in a different station by use of different shunt resistors, power supplies, and lamp mounts. Each of the lamp stations was checked for possible position effects, and no perceptible effects from station-tostation variations were found. The HTBB was turned on at least 2 h before use and was temperature-stabilized by the optical feedback. The temperature of the HTBB was assigned by use of the FRs, and the spectral irradiance responsivity of the spectroradiometer was assigned by use of the known spectral irradiance of the HTBB. All the spectral irradiance responsivity transfers to the spectroradiometer were done at a distance of 43.406 cm ͑Ϯ0.005 cm͒ from the HTBB aperture to the 1-cm 2 -area aperture of the ISR, resulting in a 24.7-mmdiameter circular target area at the cavity bottom. The spectral irradiance responsivity of the spectroradiometer is assigned by use of the known spectral irradiance of the HTBB at the input aperture of the ISR:
with the measurement parameters as defined in Eq.
͑1͒.
After the spectral irradiance responsivity assignment of the spectroradiometer, the spectral irradiance of a group of three FEL lamps was assigned with each lamp measured in three separate source positions. The spectral irradiance of each lamp was assigned by
where E ,FEL͑HTBB͒ is the spectral irradiance of the FEL lamp ͑HTBB͒, S ,FEL͑HTBB͒ is the net signal from the FEL lamp ͑HTBB͒ measured with the spectroradiometer, and f is the linearity correction factor for the comparison. With use of a shutter, the background signals were subtracted from the total signals to obtain the net signals. The distance of the HTBB from the ISR was also chosen such that the same gain factors could be used to measure both the FEL and the HTBB. Figure 8 is a plot of the calculated spectral irradiances of the 1000-W FEL along with the HTBB at 2950 K with the limiting aperture of 9.9933 mm ͑Ϯ0.0002 mm͒ in diameter and the ISR aperture of 11.2838 mm ͑Ϯ0.0002 mm͒ in diameter separated by a distance of 43.406 cm ͑Ϯ0.005 cm͒. At all wavelengths, Fig. 8 shows that the HTBB has a greater spectral irradiance than the FEL lamp. Although the spectral irradiance changes by a factor Ͼ10 3 from 250 to 2400 nm, the HTBB͞FEL signal ratio does not exceed 2.5. The close match of the irradiances was chosen to minimize possible errors resulting from signal-to-noise ratio, nonlinearity, and stray-light effects.
Uncertainty Analysis of the Detector-Based Spectral Irradiance Scale
The discussion of the uncertainties associated with the detector-based spectral irradiance scale realization is separated into parts. Because the absolute radiance temperature determination of the HTBB is performed with FRs with peak spectral responsivities near 550 nm, the expanded uncertainties in the spectral irradiance measurement at 550 nm is discussed first. The spectral irradiance uncertainties are converted into temperature uncertainties by use of the Fig. 7 . Spectral radiance differences of the HTBB from a singletemperature Planck radiance as assigned by use of the FRs to the spectral radiances assigned by use of the VTBB. The error bars indicate the 0.86 K expanded temperature uncertainty at 2950 K converted to spectral radiance uncertainties, and the continuous curves indicate the expanded uncertainties of the spectral radiance scale. Fig. 8 . Spectral irradiance of the HTBB at 2950 K with the measurement parameters as described with the spectral irradiances of a typical 1000-W FEL lamp. The measurement parameters were chosen to closely match the signals of both sources.
derivative of the Wien approximation. The Wien approximation is used because the measurements are performed at short wavelengths from the peak wavelength of the 3000 K Planck spectral radiance. The uncertainties of the spectral irradiances of the primary working standards are assigned. Finally, the expanded uncertainties of the issued standards are assigned with additional uncertainty added to account for the temporal changes of the working standard lamps.
The uncertainties associated with the detectorbased temperature determinations of the HTBB can be found from the uncertainty analysis of Eq. ͑1͒ as shown in Table 1 . The individual components are listed in descending order of importance, with the uncertainty that is due to the spectral power responsivity dominating. Additional sources of uncertainty from the alignment and aperture area measurements are small. The expanded spectral irradiance responsivity uncertainty at 550 nm of 0.26% leads to an expanded temperature uncertainty of 0.86 K at 2950 K. Table 2 describes the additional uncertainties associated with the HTBB spectral irradiance including the components that are due to spectral emissivity, spatial uniformity, and temporal stability. The first row shows the expanded uncertainty of the spectral irradiance that is due to the 0.86 K expanded temperature uncertainty at 2950 K. The uncertainties that are due to the spectral emissivity and the spatial uniformity of the HTBB are then assigned. The temporal stability of the HTBB was measured and also constantly monitored by use of the optical feedback at the rear of the cavity. The uncertainties in the alignment of the apertures and in the distance measurements are included in the geometric factor uncertainty.
The detectors used in the spectroradiometers have shown better than 0.1% ͑k ϭ 2͒ stability during the spectral irradiance measurements. However, the increase of the uncertainty at 2400 nm because the stability of the spectroradiometer responsivity is due to the performance of the InGaAs detector. A substantial contribution to the total uncertainty comes from the uncertainty in the absolute wavelength. The wavelength drive of the prism-grating spectroradiometer has an absolute optical encoder attached to the shaft, and piecewise continuous polynomial corrections are applied to achieve Ϯ0.05-nm standard uncertainty in the wavelength. For determination of the uncertainties on the issued standards, additional components arising from the lamp-to-lamp transfer and long-term stability of the working standards are added. A substantial increase in the total uncertainties arises from the possible temporal drift of the working standards. All lamp standards are subjected to a screening procedure for temporal drift, and lamps that change by more than 0.5% at 650 nm over the duration of 24 operational hours are rejected from further evaluation as possible standards. 6 The temporal drift is found to be inversely proportional to the wavelength and is accordingly larger at the shorter wavelengths.
To determine whether the uncertainties were correctly estimated, data from separate independent scale realizations of a FEL lamp ͑F210͒ were analyzed. Figure 9 shows the percent differences from the mean in the detector-based spectral irradiance of the lamp with three independent assignments from 250 to 900 nm and from three other separate assignments from 800 to 2400 nm over four separate days. The spectral irradiance assignments show that the three independent scale realizations for a particular wavelength region are all within the assigned ͑k ϭ 2͒ expanded uncertainties of the 2000 spectral irradiance scale. The temperature of the HTBB was determined on each of the days during the realization, and the spectral irradiance responsivity was assigned approximately 30 min after a temperature assignment by use of the FRs. The separate spectral irradiance assignments are all within the expanded uncertainties. The slight upturn in the uncertainties at 2400 nm is due to the rapidly decreasing spectral responsivity of the InGaAs detector near the bandgap energy of the material. The spectral shape of the expanded uncertainty follows the inverse wavelength dependence expected for a scale based on a temperature determination of a HTBB. Table 3 shows the total expanded uncertainties of the spectral irradiance scales from the 1990 and the 2000 realizations. Figure 10 shows that the detectorbased spectral irradiance scale results in the reduction in the uncertainties in the 250 -900-nm wavelength regions by a factor of 2 and a greater reduction up to a factor of 10 in the uncertainties from the 900-to 2400-nm wavelength region. The reduction in the uncertainties is primarily due to the elimination of the ISS that was used as a transfer artifact to obtain spectral irradiance from the spectral radiance assignment. The spectral irradiance of the ISS was lower than that of the 1000-W FEL and was especially difficult to measure in the infrared wavelength region with the previous PbS detector, resulting in the large uncertainties. The detectorbased spectral irradiance utilizes the HTBB, which has greater spectral irradiance than the 1000-W FEL lamp at all wavelengths, and the improved InGaAs detector in the infrared further reduces the measure- Fig. 9 . Percent differences from the mean of three separate spectral irradiance scale realizations performed on four separate days. The differences are shown with the assigned expanded uncertainties of the working standards for the detector-based spectral irradiance scale. ment uncertainties. The spectral shape of the uncertainties also has the characteristic 1͞ dependence of the decrease in uncertainties with increasing wavelength that can be seen in Eq. ͑2͒. The differences in the spectral irradiance between the source-based and the detector-based spectral irradiance scale are shown in Fig. 11͑a͒ for a set of check standard lamps ͑F34, F300, F315͒ in the wavelength region from 250 to 900 nm and in the wavelength region from 800 to 2400 nm in Fig. 11͑b͒ . At NIST, a set of lamps ͑working standard lamps͒ are used for routine calibrations, and another set of lamps ͑check standard lamps͒ are set aside to verify that the working standard lamps did not drift. The check standards were used approximately twice a year to verify that the working standard lamps did not changed; thus the total operational hours on the check standards are typically much less than the operational hours of the working standards.
In Fig. 11͑a͒ the comparison of the detector-based scale with the source-based scale shows that the difference of the NIST spectral irradiance assignments is greater than their assigned expanded uncertainties by Յ0.5%. The sawtooth oscillations that can be seen in the source-based spectral irradiance evident at Ͻ400 nm is correlated in all the lamps and is evident to a lesser extent at longer wavelengths. The correlated oscillations are attributed to the experimental procedure used in the previous spectral irradiance scale realization of 1992. In the realization of 1992, the ISS was assigned a spectral radiance at a particular wavelength, and the spectral irradiance of a set of three lamps was assigned immediately by use of the spectral irradiance of the ISS. Thus the spectral irradiance at each wavelength is realized separately and independently; and especially in the ultraviolet region, the oscillations could arise from a possible temporal drift of the ISS. Our ability to maintain the spectral irradiance over ten years using a set of stable lamps is shown by the agreement among lamps F34, F300, and F315 as compared with the detector-based spectral irradiance scale. The standard deviation of the mean found when we used the percent differences of the three lamps from the detector-based scale is plotted in Fig. 11͑a͒ with the open diamonds and shows that the lamps have stayed together as a group to Ͻ0.5% from 1992. In the shortwave infrared wavelength region, the source-based spectral irradiance scale from 800 to 2400 nm was last realized from the gold freezingpoint blackbody in 1990. A new spectral irradiance scale realization was attempted in 1992 from 250 to 2400 nm with a more stable ISS, but the scale realization in the infrared region was not completed because of the insufficient spectral irradiance of the 1992 ISS in the infrared and the low signal-to-noise ratio from the PbS detector. The discontinuity at 800 and 900 nm for a common lamp is due to the separate scale realizations performed in 1990 and in 1992. For assignment of spectral irradiance of the issued lamps, the different spectral irradiance values were averaged to obtain a single value at those wavelengths. As in the comparisons from 250 to 900 nm, the check standard lamps remained close together as a group with their spectral irradiances much better than Ͻ0.5% as shown in Fig. 11͑b͒ by the open diamonds at the bottom of the figure. Two noticeable drops in the irradiances are observed at 1600 and 2100 nm in the comparison of the scales. The Consultative Committee on Photometry and Radiometry ͑CCPR͒ comparison of 1990 19 also showed that the 1% drop at 1600 nm and the nearly 2% drop at 2100 nm were seen in all comparisons with the other countries, indicating that the two spectral features were inherent to the NIST spectral irradiance scale of 1990. The differences of the detector-based spectral irradiance scale to the source-based scale of 1990 show that the assignment of the spectral irradiances were within their stated uncertainties since 1990.
These comparisons to the check standards should reflect the differences between the new detectorbased scale and the scale realized in 1992, and more importantly, the scale realized in 1990 before and after the international comparison of spectral irradiance organized by the CCPR. If the differences seen can be extrapolated to the CCPR comparisons in 1990, then the NIST spectral irradiance scale for the comparison would have been approximately 1% low in the visible and approximately 2% low in the ultraviolet wavelength region. The large variations in the spectral irradiance scales of the individual countries preclude discerning whether the differences found between the detector-based scale and the 1990 scale could be detected in the international intercomparison.
Discussion
Because of the long history of the spectral irradiance scale at NIST and the resulting wide usage of the FEL lamps issued by NIST, the one most important result is the relationship between the spectral irradiances from the detector-based scale realization of 2000 and the previously assigned spectral irradiances. Figures 12͑a͒ and 12͑b͒ show the means of the spectral irradiances of the three working standards used to assign FEL lamps to the detector-based spectral irradiance scale along with the expanded uncertainties of the 1992 scale realization. In the wavelength region from 250 to 900 nm, only one point, at 250 nm, falls beyond the 0.5% of the expanded ͑k ϭ 2͒ uncertainties; and if the uncertainties are increased to 3 ͑k ϭ 3͒, then all the values are within uncertainties. In the infrared region from 900 to 2400 nm, only three values exceed the expanded uncertainties by more than 0.5%, and again all the differences fall within the 3 ͑k ϭ 3͒ uncertainties.
Because we have shown that the radiance temperature scale and the spectral radiance scale at NIST are both in agreement with the detector-based scales within the combined uncertainties, what are the reasons for the observed discrepancies in the spectral irradiance scales? In the infrared wavelength region from 900 to 2400 nm, the spectral irradiances of the check standard lamps are within the assigned expanded uncertainties, although the irradiances were assigned in 1990. The larger deviations of the working standards can be attributed to the longer operational hours and reveal that the spectral irradiances of the working standards should have been verified against the check standards at shorter time intervals.
Some of the differences from 250 to 900 nm that can be seen in Fig. 12͑a͒ can also be attributed to temporal drift of the working standards because of longer operational hours, but the comparison with the check standards shows that much of the differences between the detector-based scale and the scale realized in 1992 are also apparent in lamps that have not been utilized extensively. The spectral irradiance scales of 1990 and 1992 are both dependent on the radiance temperature and the spectral radiance scales. Because both the radiance temperature scales and the spectral radiance scales were found to be in agreement with the detector-based scale within the combined uncertainties, possible differences between the source-based and the detector-based spectral irradiances scales could have arisen in the process of deriving the spectral irradiance scale from the spectral radiance scale.
The long time period between the spectral irradiance scale realizations of 1992 and 2000 partly results from the experimental difficulties in the realizations of a spectral irradiance scale with the gold freezing-point blackbody. The need for numerous transfer artifacts and systematic corrections that are due to the less than optimal performance of these artifacts prohibited frequent scale realizations. The new detector-based spectral irradiance scale realization relies only on an accurate radiance temperature determination of a HTBB whose adherence to the Planck radiance law was verified by comparison with a blackbody with a known high emissivity. Initially, the detectorbased spectral irradiance scale realizations will be performed on an annual basis in FASCAL. With sufficient evidence that the spectral irradiance scale can be maintained on working standard lamps without increases in the errors that are due to longterm drift, the scale realizations will be performed on a less frequent basis.
In the past scale realizations, spectral irradiance assignments at additional wavelengths have been difficult because of the lengthy procedure needed for the realizations. The temporal drift of the transfer artifacts used in the realization resulted in the limited number of wavelengths of the spectral irradiance assignments of the working standards. Because the HTBB used in the detector-based spectral irradiance scale is temporally stable with a drift of Ͻ1 K in 20 h at 3000 K, spectral irradiance assignments of working standards are possible at many additional wavelengths if desired by the optical measurement community. These spectral irradiance calibrations at much finer wavelength intervals can help to resolve issues such as the optimal interpolation algorithm for use in the calibration of spectroradiometers. 20 
Effect of the Changes That Are Due to the Detector-Based Spectral Irradiance Scale
The greatest changes of the detector-based spectral irradiance scale realization result from the lower uncertainties, enabling measurements to be made with higher accuracy and confidence. However, if the dominant sources of the total measurement uncertainties were not due to the intrinsic scale uncertainties of the transfer artifact, then it would be difficult to utilize the lower uncertainties achieved with the detector-based scale. In addition, the small differences between the detector-based and the sourcebased spectral irradiance scales are within the expanded uncertainties of many measurement systems, including the spectroradiometers used in the ultraviolet monitoring of terrestrial solar spectral irradiance. 21 In the photometric community, possible changes could arise in the calibration of sources for color temperature. 22 At NIST, color temperatures are assigned in the Photometric Calibration Facility by use of the relative spectral irradiance of FEL lamps. Because the spectral shapes of the source-based and the detector-based spectral irradiances in the wavelength region from 350 to 700 nm differ at most by Ͻ0.5% ͓Fig. 12͑a͔͒, the changes to the color temperature assignments will be negligible.
Conclusion
The realization of the NIST detector-based spectral irradiance scale was described. The realization is based on the absolute detector-based radiance temperature determinations of a HTBB and is now traceable to the HACR instead of a fixed-point blackbody. The differences in the spectral irradiances between the gold-point blackbody-based and the detectorbased scales are discussed, and the differences are found to agree within the combined uncertainties of the measurements. The detector-based scale results in the reduction of the uncertainties from 250 to 2400 nm with the greatest reduction occurring in the spectral range from 1000 to 2400 nm with reductions by almost a factor of 10. The new detector-based spectral irradiance scale realization also corrects the correlated deviations from a smooth Planck radiance law that existed in the old spectral irradiance scale. Finally, the differences in the way that the scale is derived represent a fundamental change in the scale realization of spectroradiometric sources, and these results are only the beginning of the implementation of the detector-based source scales at NIST.
